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The nitrogen vacancy (NV) center in diamond is a sensitive probe of magnetic field and a promising qubit
candidate for quantum information processing. The performance of many NV-based devices improves by
aligning the NV(s) parallel to a single crystallographic direction. Using ab initio theoretical techniques,
we show that NV orientation can be controlled by high-temperature annealing in the presence of strain
under currently accessible experimental conditions. We find that (89 ± 7)% of NVs align along the [111]
crystallographic direction under 2% compressive biaxial strain (perpendicular to [111]) and an annealing
temperature of 970◦C.
The prospect of nanoscale sensing at ambient condi-
tions has spurred renewed interest in the mature field
of point-defect physics. Studying point-defect physics
using ab initio computational techniques expands our
understanding of important crystal defects and widens
the scope of applicability for defect based devices. In
this work, we show that the orientation of the nitrogen-
vacancy (NV) center in diamond can be controlled by
annealing in the presence of strain.
The diamond NV center is a technologically-relevant
and well-studied defect consisting of a substitutional ni-
trogen and nearest-neighbor vacancy (Fig. 1).1–3 The
center’s electron spin-triplet ground state has an unusu-
ally long spin coherence time, exceeding 1 ms at room
temperature.4 This long coherence time, coupled with the
ability to perform optically detected magnetic resonance,
enables the NV center to be used as a sensitive probe of
temperature,5 electric field,6 magnetic field,7–10 strain,11
and pressure.12 The NV center is also a promising qubit
candidate for quantum information applications.13–15
Many NV-based devices would benefit from simulta-
neous control over the NV position and orientation in
the host diamond. Due to the tetrahedral coordination
of the diamond lattice, the NV has four possible orien-
tations, two of which are shown in Fig. 1. Control over
orientation increases NV homogeneity and improves the
performance of sensors based on ensembles. In magnetic
sensing for example, alignment inhomogeneity increases
noise because only the magnetic field projection on the
NV symmetry axis is measured.9,16 Similarly, quantum
information applications typically require qubits with
identical properties, including alignment, to facilitate
qubit coupling and entanglement generation.17–19 Fi-
nally, both sensing and quantum information may bene-
fit from coupling the NV to an optical resonator, where
NV dipole alignment to the resonant mode polarization
is critical.20–22
Current techniques to create NVs provide control over
either NV position or orientation, but not both simulta-
neously. In chemical vapor deposition grown diamond,
NV defects may align to a preferential direction dur-
ing growth,23,24 however this method provides no control
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FIG. 1. Relaxed geometry of a nitrogen vacancy center with
nearest neighbors shown for two NV orientations. Strain
along the z direction [111] causes the energies of the two ori-
entations to differ. This energy difference can be exploited
to polarize NV centers into a given orientation. The vacancy
and bond-cylinders are given as guides for the eye.
over spatial location. Conversely, implantation and an-
nealing positions NVs to nanoscale accuracy,25 but leaves
them randomly oriented. Our method aligns pre-existing
NV centers through strain engineering, thus enabling si-
multaneous control over NV position and alignment.
We demonstrate with ab initio techniques that the NV
orientation can be controlled by annealing in the presence
of strain. Strain breaks the symmetry between different
NV orientations, causing some orientations to be energet-
ically preferred over others. By annealing the sample at
a temperature where reorientation can occur, NVs pref-
erentially align into lower energy directions. We show
that the energetics of defect migration make this scheme
possible, and quantitatively derive the degree of NV ori-
entation expected for different strains and annealing tem-
peratures.
There has been recent success using ab initio tech-
niques to confirm and predict the electronic structure
of defects in diamond.26–29 Density functional theory
(DFT) is particularly well-suited to studying the effect
of strain on defect energies because energy differences
between similar structures generally converge faster than
absolute energies.30–32
ar
X
iv
:1
40
6.
00
41
v2
  [
co
nd
-m
at.
oth
er]
  2
2 J
ul 
20
14
2To calculate the energy difference between NVs of vari-
ous orientations under strain, simulations were performed
using the ab initio total-energy and molecular-dynamics
program VASP (Vienna ab-initio simulation program)
developed at the Instutut fu¨r Theoretische Physic of the
Technische Universita¨t Wien.33–35 NV defects were sim-
ulated using DFT in the generalized gradient approxi-
mation (GGA, PW91),36,37 chosen for its excellent pre-
diction of stress effects in Si.30,31 The charge state of
the NV was neutral throughout the calculation, as NV0
is the predominant charge state formed by implantation
and annealing prior to surface oxidation.38,39 To mini-
mize defect-defect interactions between neighboring su-
percells, we used a large 647 atom supercell. Simula-
tions continued until the total energy changed less than
0.01 eV per iteration. The plane wave energy cut-off
was 348 eV, as increasing to 400 eV modified the en-
ergy of a non-strained supercell by only 10 meV. To as-
sess convergence in k-points for the strain calculation, we
compared the energies of orientations A and B at zero
strain, where the two orientations should have the same
energy by symmetry. We used a 2x2x2 k-mesh, which
had |EB − EA| = 1.8 meV (while 1x1x1 had an error of
16.4 meV).
We first used VASP to calculate the lattice constant
for bulk diamond as a starting point for the defect simu-
lations, obtaining ao = 3.560 A˚, close to the experimental
value ao = 3.567 A˚.
40 Because of the perfect translational
invariance in bulk diamond, a small 24 atom supercell
and 10x10x10 Monkhorst-Pack k-mesh were used to find
the lattice constant (with good convergence in k points).
To determine how strain affects NV orientation, we
found the difference in energy between two NV orienta-
tions for a range of strain fields (Fig. 1). (We do not
distinguish between NVs with anti-parallel orientations.)
The x,y and z axes of the simulation volume were ori-
ented along [11¯0], [112¯] and [111] respectively. These di-
rections were chosen based on the symmetry of the NV.
Uniaxial strain along [111] makes the [111] orientated NV
different from other orientations, thus possibly leading to
an energy difference favoring the [111] orientation. In the
first simulation, z uniaxial strain εzz was applied, with
the x, y strain given by the expected behavior of bulk di-
amond unconstrained in x, y (Fig. 2a). Using the exper-
imentally determined elastic constants of bulk diamond,
we find that under uniaxial strain in z, bulk diamond
acquires a strain of εxx = εyy = −0.232 εzz, with all
other εij = 0.
41 In the second simulation (Fig. 2b), bi-
axial strain was applied in x, y, with the z dimension
similarly given by the bulk diamond elastic constants
(εxx = εyy = −1.658 εzz, all other εij = 0). Because
the strain splitting of NV orbitals is highly linear up to
60 GPa hydrostatic pressure (∼4.5% strain),42 our use of
linear elastic theory in the current work is well justified.
The simulation results for the energy difference be-
tween orientation A and B as a function of strain are
shown in Figs. 2a,b. The relative smoothness of the en-
ergy vs. strain curve implies that Pulay stresses (a nu-
merical artifact) are negligible.32 The degree of NV orien-
tation depends on the energy difference between the two
orientations relative to the annealing temperature where
NV realignment can occur. Because NV realignment is a
precursor to NV diffusion, we estimated the effective en-
ergy barrier for NV realignment using the temperature
at which NV luminescence disappears, 1300-1500◦C.43,44
At these temperatures, NVs diffuse to form defect clus-
ters. Since NV diffusion to clusters requires many defect
reorientations and migrations, we will use (1300±100)◦C
as an estimate for the temperature at which NV reorien-
tation happens at a rate of 1 s−1. The rate at which
defect reorientations occur is
R = νe−W/kBT , (1)
where ν is the attempt frequency of reorientation and
W is the effective energy barrier for reorientation.44 The
attempt frequency ν can be estimated by dimensional
analysis given the known attempt frequency for vacancy
migration in silicon.45 Due to the increased stiffness of
diamond over silicon, the attempt frequency in diamond
(3 × 1013 s−1) is around 3 times higher than that of sil-
icon. Using these values, the effective energy barrier for
reorientation of an NV is (4.2 ± 0.3) eV, slightly lower
than the value of 4.85 eV found using DFT.44.
Annealing at a temperature T causes the NV popu-
lation to exponentially approach its thermal equilibrium
orientation at the rate R. Since only a few reorienta-
tions are required for the NV population to reach thermal
equilibrium with respect to orientation, we used a slow
reorientation rate R = hour−1 to calculate the proper
annealing temperature for NV alignment, 970◦C. Reori-
entation will necessarily be accompanied by diffusion be-
cause the energy barriers for reorientation and diffusion
are similar.44 However, if the annealing time is limited to
a few reorientation time constants, the amount of diffu-
sion will be less than a few lattice sites. We assume that
the energy barrier is roughly independent of tempera-
ture, motivated by the temperature-independent barrier
for vacancy diffusion in silicon.46 The energy barrier may
depend on strain, which we account for using an uncer-
tainty in the energy barrier of ±1 eV at 2% strain.44
The fraction of NVs aligned parallel to z ∝ [111] can
be calculated from the energy difference between NV ori-
entations and the annealing temperature. Noting the
triple degeneracy of other orientations, the fraction of
NVs aligned parallel to z is
Nz =
1
3e−(EB−EA)/kBT + 1
(2)
where kB is the Boltzmann constant and T is the anneal-
ing temperature. The use of energy instead of the free
energy in Eq. 2 assumes that the entropy of each NV ori-
entation is the same. This is likely a good approximation
even under strain given that the arrangement of atoms
is highly similar for the different orientations. However,
we note defect entropies could be calculated from the
phonon density of states.47
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FIG. 2. (a) Effect of uniaxial strain in z and zero-stress condition in x, y on the energy difference between orientations A
and B as shown in Fig. 1. Tensile strain along z results in the z oriented NV to be preferred. At zero strain, the energies
of the two orientations should be equal by symmetry, as depicted by the dotted lines. A fit to a second order polynomial is
provided to easily reproduce the calculated values. The best fit parameters are a1 = (17.3 ± 0.6) eV, a2 = (−160 ± 10) eV,
with uncertainties due to the fit only. Insets depict the direction of strain applied by arrows. (b) Same as a, except strain
is applied biaxially in x, y, with zero stress condition in z. Biaxial compressive strain results in the the z oriented NV to be
preferred. The fit line uses b1 = (−19 ± 1) eV, b2 = (−110 ± 30) eV. (c) Assuming an annealing temperature of 970◦C, the
predicted fraction of NVs oriented along z ∝ [111] can be calculated. Because the energies of the two orientations are equal at
zero strain, the fraction oriented along [111] should be 25%, depicted by the dashed lines. The insets show the preferred NV
orientation in each strain regime. (d) Same as c, except for strain applied biaxially along x, y.
Figs. 2c,d show the fraction of NVs aligned parallel to
z (Eq. 2) vs. strain under annealing at 970◦C for the two
strain directions studied. We find that either uniaxial
expansion in z or biaxial compression in x, y favor the z
orientation of NV (Fig. 2c,d). Impressively, at 5% com-
pressive biaxial strain, (99.5+0.5−4.7)% of NVs align along z.
At 2% compressive biaxial strain, (89±7)% of NVs align
along z. The uncertainty here is estimated from the un-
certainty in the strain dependence of the reorientation
barrier, which we found to create a larger uncertainty
than the temperature where NV luminescence disappears
or choice of DFT functional. In order to test whether the
choice of functional affects the result, we checked several
strain calculations using the local density approximation
(LDA).48 We found that the LDA result differed from the
GGA one by on average 12 meV.
The effect of strain fields on the energy of an NV orien-
tation can be phenomenologically understood by study-
ing the optimal relaxation of a supercell with an NV. We
relaxed the size and shape of a 647 atom supercell con-
taining a z-oriented NV using an increased plane wave
cutoff of 426 eV. Compared to a 648 atom supercell of
bulk diamond, the NV supercell relaxes to a strain of
ε =
 −2.1 0 00 −1.8 0.4
0 0.4 3.7
 · 10−4.
The small off diagonal strains are attributed to the asym-
metry of the supercell. These results imply that NV en-
ergy lowers with tensile strain along the NV axis and bi-
axial compressive strain perpendicular to the axis, and
can be used to predict the NV response to arbitrary
strains.
Several experimental techniques can create biaxial or
uniaxial strain in diamond. Biaxial strain can be cre-
ated by selectively damaging diamond with an ion beam
in an annulus surrounding an NV. The damaged mate-
rial swells compared with the undamaged diamond, thus
applying biaxial compressive strain to the NV. In re-
cent experiments, a strip of damage created with an ion-
beam created up to ∼10 GPa of tensile stress (∼1.5%
strain) near the damaged region.49 Uniaxial compressive
strain can be achieved in a diamond anvil cell, result-
ing in the depletion of one NV orientation. Since dia-
mond anvil cells are capable of very high pressures (hun-
4dreds of GPa), this technique is likely limited by the
yield stress of diamond. In real-world materials, non-
hydrostatic stresses can fracture materials by activating
slip systems, therefore experimentally achievable strains
for both techniques may be limited to ∼2%.
In conclusion, we have shown that the orientation of
the diamond NV center can be manipulated by annealing
in the presence of strain at realistic temperatures and
strain fields. This technique allows NVs to be created
at precise locations and subsequently aligned in desired
directions. This work presents an additional dimension of
control for engineering NV-based devices, and advances
the emerging fields of defect-based quantum information
processing and nanoscale sensing.
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The response of a bulk diamond crystal to strain along
z ∝ [111] can be found by transforming the rank-four
elastic constants tensor in the original coordinate system
([100],[010],[001]),
c =

c11 c12 c12 0 0 0
c12 c11 c12 0 0 0
c12 c12 c11 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c44
 ,
into the new coordinate system ([11¯0], [112¯], [111]).1
Here we have written the strain tensor in its reduced
form, where components 1,2,3 correspond to uniax-
ial strain along x,y,z and 4,5,6 to shear strains along
yz, xz, xy.2 The generalized Hooke’s law strain energy is
W =
∑
ij
1
2
εicijεj .
If a strain ε3 is applied in the z direction, the diamond
will accumulate a strain in x, y in order to minimize the
strain energy:
ε1 = ε2 = −
0.232±0.002︷ ︸︸ ︷
c11 + 2c12 − c44
2c11 + 4c12 + c44
ε3, ε4 = ε5 = ε6 = 0.
Here we have used experimentally determined elastic con-
stants for diamond.3 Alternately, if biaxial compressive
strain ε1 = ε2 is applied, then the diamond acquires a
strain
ε3 = −
0.302±0.003︷ ︸︸ ︷
c11 + 2c12 − c44
c11 + 2c12 + 2c44
(ε1 + ε2), ε4 = ε5 = ε6 = 0.
These proportionality constants were used to deform the
supercell given an applied uniaxial z or biaxial x, y strain.
1J. F. Nye, Physical Properties of Crystals: Their Representation
by Tensors and Matrices (Oxford University Press, USA, 1985).
2M. S. Dresselhaus, G. Dresselhaus, and A. Jorio, Group The-
ory: Application to the Physics of Condensed Matter , 2008th ed.
(Springer, 2007).
3H. J. McSkimin and P. Andreatch, Journal of Applied Physics 43,
2944 (2003).
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